Abstract. Animals colonizing cities are exposed to many novel and potentially stressful situations. There is evidence that chronic stress can cause deleterious effects. Hence, wild animals would suffer from city life unless they adjusted their stress response to the conditions in a city. Here we show that European Blackbirds born in a city have a lower stress response than their forest conspecifics. We hand-raised urban and forest-living individuals of that species under identical conditions and tested their corticosterone stress response at an age of 5, 8, and 11 months. The results suggest that the difference is genetically determined, although early developmental effects cannot be excluded. Either way, the results support the idea that urbanization creates a shift in coping styles by changing the stress physiology of animals. The reduced stress response could be ubiquitous and, presumably, necessary for all animals that thrive in ecosystems exposed to frequent anthropogenic disturbances, such as those in urban areas.
INTRODUCTION
Humans are dramatically altering environmental conditions throughout the world (Vitousek et al. 1997) . For many species, environmental changes due to human disturbance will probably be an important factor governing their future persistence. The response of species to human-induced change is a key issue. One of the most striking man-made environmental changes is the ongoing expansion of urban areas (Marzluff et al. 2001) . Some species are thriving in these new man-made ecosystems, while others are being displaced. Species that have settled in urban areas may benefit, on the one hand, from the warmer microclimate, especially during the winter periods, and from additional anthropogenic food supply in cities. However, they are also confronted with many novel and potentially stressful anthropogenic perturbations, such as the permanent presence of humans, higher densities of nonnative predators (e.g., cats and dogs), noise and light pollution as well as traffic. These factors create a selective environment that may favor individuals that are able to cope with ''urban stresses. '' At least one behavioral precondition is essential for most species to settle in cities. Invading individuals have to reduce their timidity and escape distance in order to establish themselves successfully in urban habitats.
Among the physiological coping mechanisms used by vertebrates to ensure survival under adverse environmental conditions is the acute stress response, characterized by the release of glucocorticoid steroid hormones (Wingfield and Ramenofsky 1999) . The acute short-term secretion of these hormones is considered beneficial in that it helps to mediate adaptive responses such as stimulating gluconeogenesis, inhibiting glucose utilization in nonessential tissues, mobilizing fat stores, and redirecting behavior (Sapolsky et al. 2000, Wingfield and . In prolonged stress situations, however, chronically elevated levels of circulating glucocorticoids can impair reproductive, immune, and brain functions (Sapolsky 1992) . Hence, wild animals would suffer from city life unless they adjusted their stress response to the conditions in a city. To date, most research on physiological measures of stress in wild populations has examined effects related to natural environmental perturbations and ubiquitous human-related stressors such as tourism, oil spills, or logging (Wasser et al. 1997 , Fowler 1999 . So far, little experimental work has been devoted to investigating possible adaptations of the stress physiology in wild animals to life in cities (but see Schoech et al. 2004) .
In avian species, city birds are often tamer than their conspecifics living in natural habitats (Luniak and Mulsow 1988 ), but it is not known whether the urban life style is also accompanied by changes in glucocorticoid stress response and, if so, whether this is the result of phenotypic flexibility of individuals experiencing different environmental conditions or of microevolu- tionary changes that have evolved during the urbanization process (Diamond 1986 ). To answer those questions, we conducted a single-species common garden experiment by hand-raising and keeping urban and forest European Blackbirds (Turdus merula) under identical conditions. During their first fall, winter, and spring, when the birds were about 5, 8, and 11 months old and were in the same stage of their annual cycle, we quantified their acute corticosterone stress response by applying a standardized capture and handling stressor protocol to all individuals. The European Blackbird is one of the most common bird species in central European towns (Glutz von Blotzheim and Bauer 1988) . As little as 200 years ago the blackbird was a reclusive and timid forest dweller. However, since the early 19th century blackbirds have been gradually colonizing cities and have become significantly different from the original forest populations in several aspects: urban blackbird populations have an extended breeding season, a tendency for greater longevity, a reduced propensity to migrate, and are tamer than non-urban blackbirds (Luniak and Mulsow 1988 , Klausnitzer 1989 , Gliwicz et al. 1994 , Stephan 1999 , Partecke et al. 2004 . It has been proposed that since their colonization, urban populations of European Blackbirds have adapted to this new environment, as evidenced, for instance, by a higher breeding density compared with non-urban populations (Luniak et al. 1990 ).
METHODS
We collected urban and forest European Blackbird nestlings from 10 nests in the center of Munich, Germany (48807 0 N, 11834 0 E; 518 m above sea level), and from 10 nests in a forest study site (Raisting: 47853 0 N, 11804 0 E; 553 m asl), where we had previously collected field data (Partecke et al. 2005 ; Fig. 1 ). These two study sites differ with regard to human presence, vicinity to human settlements, and traffic. Our urban population lives in close proximity to humans, uses anthropogenic structures (e.g., balconies) for nesting, and forages frequently on, for instance, ''green'' traffic islands. In contrast, the forest population inhabits a large and remote forest area that primarily serves as private forest and as sporadic recreation area. Forest blackbirds mainly nest in dense understory (e.g., spruces) and explicitly avoid contact with humans (J. Partecke, personal observation).
Hatching date and nestling age (mean, 8 days; range, 5-11 days) at the day of collection did not differ between the two groups (Mann-Whitney U test: hatching date for males, Z ¼ À1.173, P ¼ 0.241; for females Z ¼ 0.0, P ¼ 1.0; nestling age for males, Z ¼ À1.388, P ¼ 0.165; for females, Z ¼ À0.750, P ¼ 0.453). Nestlings were hand-reared in a room under natural daylight and an ambient temperature of 208 6 2.58C. After having reached independence at an age of ;40 days, all birds were moved to individual cages in another room with natural photoperiod. Birds could hear but not see each other. Food (Granvit; Hungenberg, Neuss, Germany) and drinking water were available ad libitum. They were kept in these conditions for the entire study. All the experimental procedures were conducted in accordance with guidelines from the relevant German agencies.
Experimental procedure
During their first fall (22À25 September), winter (14À16 December), and spring (15À18 March) we measured corticosterone baseline levels and stressinduced corticosterone release by applying a standardized capture and handling stressor protocol to all individuals (Wingfield et al. 1982) . On each sampling day we entered the bird room to take blood samples at 0900 hours and chose an equal number of urban and forest birds of both sexes to avoid a bias of sampling day. Immediately after capturing an individual bird, we obtained a first small blood sample (50 lL) by puncturing a brachial wing vein with a 23-gauge needle. Blood was collected into heparinized microcapillaries. The initial blood sample was collected within 0.5-3 min after entering the bird room. Glucocorticoids such as corticosterone generally do not start to increase until ;3 min after the initiation of an acute stressful stimulus in most species (Sapolsky et al. 2000) . All initial samples were grouped together for statistical purposes and were defined as corticosterone baseline levels. After collecting the initial sample, birds were individually maintained in cloth bags for a 60-min period of restraint, with subsequent blood samples taken at 5, 10, 30, and 60 min after entering the bird room. The entire experimental procedure was done in the same bird room. The use of handling and restraint provides a standardized stressor that is identical for all animals. This standardized procedure allows the comparison of stress responses across individuals and populations (Wingfield and Romero 2001) . Blood samples were kept on ice for up to 2 h and then centrifuged at 44 500 m/s 2 for 10 min (Force 7 Microcentrifuge, Denver Instrument Company, Arvada, Colorado, USA). Plasma was removed and frozen at À708C until hormone analysis.
Variations in body condition, especially fat content, can influence the magnitude of the adrenocortical response to stress in birds (Wingfield and Sapolsky 2003) . Therefore, we estimated individual body condition, by visually inspecting the amount of subcutaneous fat of individual birds, directly after blood sampling, using a fat score (Kaiser 1993 ) ranging from 0 (no visible fat) to 8 (fat deposits covering the flight muscles). Fat scores provide size-independent measures of the state of fattening (Biebach 1996) .
Sample sizes varied between seasons because we used only those individuals with a complete series (0-60 min) of blood samples. In September we collected a complete series of blood samples from 9 urban males, 13 urban females, 13 forest males, and 9 forest females. In December we used 9 urban males, 10 urban females, 9 forest males, and 9 forest females. In March we tested only 9 urban males and 7 forest males. We did not collect blood samples from females in March because they were used in another experiment.
During the experiment, we handled all birds every week, took blood samples and laparotomized them every month starting in December to collect data for other experiments (Partecke et al. 2005) . To minimize the probability that these other manipulations would interfere with our stress protocol, we scheduled the blood sampling to measure corticosterone stress response so that the birds had at least three weeks to recover from laparoscopy. A comparison between corticosterone baseline levels showed that the levels had always returned to basal (Fig. 2) .
Hormone assay
Corticosterone was analyzed by radioimmunoassay using a previously described method (Wingfield et al. 1992) . Briefly, plasma was equilibrated with a small amount of tritiated corticosterone to measure subsequent recovery. Steroids were extracted with redistilled dichloromethane following an established protocol (Hall et al. 1987) . Each sample was then assayed in duplicate. Extraction recovery was 76% 6 0.4% (mean 6 SE). Intra-and interassay variations (N ¼ 6) were within a range of 6-10%. The least detectable amount was 72.4 pg/mL.
Statistical analyses
For a comparison between urban and forest birds we used both corticosterone baseline levels and the acute FIG. 1. Satellite image of Munich (Bavaria, Germany) and surrounding area. The white circle and the black triangle indicate forest and urban study sites, respectively, at which nestlings were collected for the present experiment. The entire urban and forest areas are encircled (white line). The square depicts the location of the Max-Planck Institute for Ornithology (MPIO Andechs) at which the common garden experiment was conducted. The image has been modified after Satellitenbild Atlas Deutschland, Weltbild Verlag, Augsburg, Germany, 1996 . August 2006 stress responses defined as the increase of corticosterone concentration over the 60-min time period. To test for differences in the acute stress responses between urban and forest birds we calculated the area under the curve of plasma corticosterone over time (integral) for each bird. This integrated approach provided a comparison of both corticosterone increase and clearance over the 60 min of restraint (Breuner et al. 1999) . To meet assumptions of parametric statistics, original data sets of basal corticosterone and integrated acute corticosterone stress response were log 10 -transformed. We used the linear mixed-effects models (MIXED) procedure in SPSS, Version 11.5 (SPSS 2002), because it provides the tools necessary to perform repeated measures of unequal number of repetitions and to estimate fixed and random effects in one model. Differences in corticosterone baseline levels and integrated corticosterone stress response were tested separately in a model including season, site (city vs. forest), and sex as fixed effects, in which season accounted for repeated measures per individual. Individuals nested within family and families with unique identifiers within site were treated as random effects. Fat score was entered as a covariate to account for differences in body condition. All nonsignificant interactions were excluded from the final model and were not reported in the results. When appropriate, post hoc comparisons between seasons, or between populations within a particular season, were performed using univariate F tests with Sidak adjustment for multiple comparisons built into the MIXED procedure (SPSS 2002). All tests were two-tailed and the significance level for this experiment was set at a ¼ 0.05. Data are presented as means 6 SE.
RESULTS
Corticosterone baseline levels and acute corticosterone stress response varied between seasons (baseline levels, F 2,28 ¼ 4.205, P ¼ 0.025; acute stress response, F 2,35 ¼ 19.891, P , 0.001; Fig. 2 ). Baseline levels during winter were lower than during fall, but did not differ between winter and spring (Sidak post hoc: between winter and fall, P ¼ 0.036; between fall and spring, P ¼ 0.966; between winter and spring, P ¼ 0.252). Acute corticosterone stress response was high during fall, lower during winter, and increased again in spring (Sidak post hoc: between fall and winter, P , 0.001; between winter FIG. 2. Corticosterone responses (mean 6 SE) to the stress of capture and handling in hand-raised urban and forest European Blackbirds (Turdus merula) during (A, B) September, (C, D) December, and (E) March. In spring we did not collect blood samples from females because the birds were being used in another experiment. Sample sizes for birds in September were: urban, 9 males and 13 females; forest, 13 males and 9 females. In December the sample sizes were: urban, 9 males and 10 females; forest, 9 males and 9 females. In March there were 9 urban and 7 forest males. (F) The schematic time line relating hatching period (horizontal bar) to subsequent sampling times (diamonds). Letters above diamonds refer to panels (A)-(E). and spring, P , 0.001; between fall and spring, P ¼ 0.999; Fig. 2 ). Females had overall lower baseline corticosterone levels and exhibited lower acute corticosterone stress responses than males (baseline levels, F 1,51 ¼ 4.318, P ¼ 0.043; acute stress response, F 1,59 ¼ 10.052, P ¼ 0.002; Fig. 2 ). Fat score did not contribute to the variation of corticosterone baseline levels (F 1,60 ¼ 0.784, P ¼ 0.379), whereas there was a tendency for an effect of fat score on acute corticosterone stress response (F 1,79 ¼ 2.812, P ¼ 0.098). We could not detect any family effects on predicting corticosterone baseline levels and acute corticosterone stress responses (Wald statistic: for baseline level, Z ¼ 0.527, P ¼ 0.598; for acute stress response, Z ¼ 0.529; P ¼ 0.597).
A comparison between city and forest blackbirds did not reveal any differences in their baseline corticosterone levels (F 1,27 ¼ 0.506, P ¼ 0.483). In contrast, acute corticosterone stress response differed overall between the two groups (F 1,43 ¼ 15.733, P , 0.001). The magnitude of the difference, however, changed seasonally (F 2,33 ¼ 5.857, P ¼ 0.007). Whereas in fall acute stress response did not differ between city and forest birds (Sidak post hoc: P ¼ 0.889), urban blackbirds showed an attenuated corticosterone stress response compared to their forest conspecifics in winter, and for males in spring (Sidak post hoc: in winter, P ¼ 0.001; in spring for males only, P ¼ 0.010; Fig. 2 ).
DISCUSSION
The present study indicates that European Blackbirds born in a city exhibit a lower acute corticosterone stress response than birds originating from a forest. While baseline corticosterone levels did not differ between urban and forest blackbirds in any season, acute corticosterone stress response to handling was distinctly lower in urban European Blackbirds of both sexes during winter, when their reproductive system was still undeveloped, and, in males, during spring when both groups prepared for reproduction. Our results are consistent with previous studies showing a modification of the acute stress response to human disturbances. However the direction of a change appears to be context dependent and/or species specific. While several studies indicate that human activities can result in elevated glucocorticoid concentrations (Hopkins et al. 1997 , Norris et al. 1997 , Wasser et al. 1997 , Mu¨llner et al. 2004 , Walker et al. 2005 , others have shown that animals exposed to anthropogenic interferences are able to down-regulate their physiological stress response (Fowler 1999 , Romero and Wikelski 2002 , Walker et al. 2006 . We propose that a lower acute stress response of urban European Blackbirds presumably reflects a physiological mechanism enabling birds of this and possibly other species to live successfully in urban habitats. In this scenario, species that lack such modification of the stress response might suffer so severely from anthropogenic disturbances that towns are intolerable. Such species would avoid cities, whereas other species have even increased their breeding populations in urban habitats with a high degree of anthropogenic disturbance.
The lack of a difference between our urban and forest blackbirds during their first fall suggests that the reduced sensitivity of urban blackbirds to stressors occurs later in their life (i.e., between their first fall and winter). A second explanation is that both populations exhibit similar acute corticosterone stress responses at specific periods during the annual cycle depending on the physiological state or life history events. Another alternative can be the ability of urban individuals to habituate more rapidly to specific stressors, rather than a generalized down-regulation of the stress axis. The same birds were handled, had blood drawn, and were laparotomized for another experiment (Partecke et al. 2004) . Hence, population-specific differences in habituation could explain the stronger seasonal decline of acute stress response in our urban birds. In this context, a more rapid acclimation may be quite useful in an urban setting, such that birds learn to distinguish true threats from harmless disturbances. Using an adrenocorticotropic hormone (ACTH) challenge to induce a stress response will be necessary to differentiate between a true physiological difference and habituation.
Our birds were collected as nestlings, then handreared and kept under identical conditions during the entire experiment. Hence, the low corticosterone stress response of the urban blackbirds compared with that of their forest conspecifics is evidence of an intrinsically reduced reactivity of the stress axis in urban individuals. Variation in the sensitivity to stress may result either from the individual's reaction to its environment or from an inherited genetic change due to local adaptation. Selection experiments on rodents (Walker et al. 1989) , poultry (Edens and Siegel 1975) , and fish (Fevolden and Røed 1993) have demonstrated genetically determined variation in the sensitivity to stress. Moreover, individuals with different stress responsiveness coexist in wild bird populations (Schwabl 1995) and moderate to high heritability estimates have been found for natural variation of the stress response in fishes (Tanck et al. 2001) . Although the results of our common garden experiment also argue in favor of a genetic basis for the reduced stress response in urban blackbirds, we cannot rule out that early experience in the nest environment or pre-and/or perinatal maternal effects caused the observed differences (e.g., Romero 2004) . In mammals, moderate stressors applied directly to neonates result in a lifelong reduction in glucocorticoid responses to stressors (e.g., Caldji et al. 2001) . In birds, females may adjust the stress physiology of individual offspring by changing characteristics of the eggs (Schwabl 1993, Hayward and Wingfield 2004) .
Striking parallels to the present results have been reported from comparative studies on domesticated animals and their wild ancestors. Generally, domestica-tion involves an evolutionary process based on the shift in selective pressures: with removal of the organisms from some natural selection pressures, they become exposed to new ''natural'' selection by artificial environments and artificial selection by humans (Clutton-Brock 1992) . Domestic Guinea pig (Cavia aperea f. porcellus), domestic ducks (Anas platyrhynchos), domestic salmon (Salmo trutta), and silver foxes (Vulpus vulpus) that were selected for tameness exhibited a decreased reactivity of the stress axis compared to their wild or unselected conspecifics (Haase and Donham 1980 , Ku¨nzl and Sachser 1999 , Lepage et al. 2000 , Gulevich et al. 2004 . The reduction in stress responsiveness has been regarded as a physiological mechanism that helps domesticated animals adjust to man-made housing conditions (Ku¨nzl and Sachser 1999) . Although domestication and urbanization are, unequivocally, two completely different processes, urban environments may also present novel and unique human-induced selective pressures on wild animals, and may be characterized as more extreme than many natural habitat types. Consequently, in analogy to the physiological effects of domestication, the urban life style of European Blackbirds might have evolutionarily shaped the observed physiological response. Moreover, the coexistence of changes in behavior (e.g., increased tameness) and stress physiology in urbanized European Blackbirds raises the possibility that urbanization of wild species favors coping styles different from those of their non-urban congeners, enhancing prospects of survival in a city (Koolhaas et al. 1999) .
The results and conclusions presented here are based on the comparison of captive animals originating from one urban and one forest population. Hence, several aspects need to be addressed. First, although restraint of captive animals elicits a rise in corticosterone levels similar to that of free-living conspecifics, captivity can have a profound effect on the function of the stress axis reducing the magnitude of an acute stress response and changing the seasonal modulation of the corticosterone stress response compared to field conditions (e.g., Romero and Wingfield 1999) . Hence, data obtained from free-ranging birds in their native urban and forest habitats are inevitably necessary to verify the observed pattern under natural conditions. Another issue is whether urban nestlings sampled in this study would have matured to breed in an urban setting and the forest birds would not. It has not been adequately tested whether urban populations are self-sustaining or whether there is a continual influx from the forest. While Erz (1964) , based on estimated mortality and recruitment rates, suggested that the urban blackbird population of Cologne is only maintained by immigration from surrounding regions, Batten (1973) found that the urban blackbird population in London is rather stable and isolated from nearby rural populations. Because most European Blackbirds (85.5%) breed close (,3 km) to their natal area, indicating a high site fidelity, we consider it likely that the majority of both urban-and forest-born blackbirds stay close to their natal areas for reproduction (Greenwood and Harvey 1976) . Moreover, urban and forest blackbird populations differ in their seasonal organization of annual events. For instance, urban blackbirds have an extended breeding season and overwinter in higher numbers in their urban breeding area compared to their forest conspecifics (Partecke et al. 2004 ). Thus, one could argue that the lower corticosterone stress response of our urban birds is merely a ''side effect'' of differences in the seasonal organization. Differences in the timing of gonadal growth and migratory disposition were, however, only male specific in our common garden experiment, whereas urban and forest females did not differ in migratory behavior and timing of follicular maturation (Partecke et al. 2004 ; J. Partecke and E. Gwinner, unpublished manuscript). The fact that not only urban males but also urban females exhibited an attenuated corticosterone stress response during winter argues against the possibility that the differences in stress response between the groups are primarily caused by differences in seasonal organization. Whether an attenuated stress response in an urban setting is adaptive or not is currently difficult to address. Although chronically elevated corticosterone is generally accepted as detrimental, it is currently unclear whether a high acute stress response is similarly harmful. Whereas in marine iguanas (Amblyrhynchus cristatus) corticosterone levels measured in response to handling stress predicted subsequent survival , corticosterone levels obtained from Cliff Swallows (Petrochelidon pyrrhonota) after 60 minutes of handling (presumably reflecting their physiological maximum) were not a good predictor of annual survival probability (Brown et al. 2005) . Future studies are needed to evaluate the possible adaptive value of an attenuated stress response in urban habitats, by relating survival and fitness data to the trait variation. Finally, we cannot exclude the possibility that the reduced acute stress response is associated with differences unrelated to urbanization. Urban blackbirds live at a higher breeding density with reduced territory size and potentially experience a higher rate of territory intrusion than their forest conspecifics (Luniak et al. 1990 ). Hence, urban birds could have been selected to physiologically cope with a higher rate of interaction and territory intrusion. Another possibility is that urban birds originate from lower quality and subordinate individuals that have entered the city because they were unable to become established in the forest. A reduced vigor of the stress response could be more often found in poor quality birds or subordinate individuals (e.g., Poisbleau et al. 2005) . Likewise, birds that are able to do well in cities may tend to settle in cities, and the source of their adaptation was actually co-opted from adaptation to other conditions. More comparative work is required to elucidate whether a reduced stress response is a general character-istic of animals thriving in urban areas. Future studies should also address the question of the exact causes and consequences of an attenuated stress response in urbanizing animals. Our study suggests a possible route for future work on the evolutionary consequences of our rapidly urbanizing world (Shochat et al. 2006) .
